Abstract-Combinational digital circuits can be evolved automatically using Genetic Algorithms (GA). Until recently this technique used linear chromosomes and and one dimensional crossover and mutation operators. In this paper, a new method for representing combinational digital circuits as 2 Dimensional (2D) chromosomes and suitable 2D crossover and mutation techniques has been proposed. By using this method, the convergence speed of GA can be increased significantly compared to the conventional methods. Moreover, the 2D representation and crossover operation provides the designer with better visualization of the evolved circuits. In addition to this, a technique to display automatically the evolved circuits has been developed with the help of MATLAB.
IV. INTRODUCTION
Genetic algorithm (GA) is a powerful tool which can be used for many of the optimization problems. Conventional GA takes in a linear set of chromosomes on which one dimensional crossover and mutation operators are applied to get an optimal solution. The speed of convergence and the quality of the solutions are influenced by these operators. Hence it is very essential to improve these genetic operators to give a better performance.
Majority of electronic systems with any level of complexity were designed by specialized designers having a complete knowledge of operation of the system and designing rules. Such design methods are obviously limited by the experience and knowledge of the designer [1] . In evolutionary design, knowledge and experience of the designer are replaced by evolution process which has comparatively less constraints. Designers are not only limited by technology but also by their own habits imagination and creative thinking [2] . By applying evolutionary methods to the design of digital circuits, the above mentioned constraints do not come into picture. The main goal of evolutionary algorithm is to evolve a functional circuit with the least possible complexity.
Some of the earlier approaches were focused on evolving a 100% functional circuit, while others focused on arriving at a 100% functional circuit with minimum number of gates [3] .The two most popular methods K-Map and Quine-McCluskey methods do not support the use of XOR/XNOR gates for the design of digital circuits [4] . But the use of XOR gates in arithmetic circuits which is possible with evolutionary design reduces the number of gates in the evolved circuits.
While designing circuits using GA, the combinational circuit is usually represented by a two dimensional array in which each cell represents two inputs and the corresponding gate together which in turn represents a gene. The digital circuit is assumed to be embedded in an n x n array of cells where n represents the number of levels in the circuit and the number of gates in each level. Fig.1 shows a combinational digital circuit represented by a 3x3 array of cells and the corresponding chromosome. For two input gates a chromosomal string encodes the matrix by using triplets in which the first two elements refer to each of the inputs used and the third is the corresponding gate [5] . Each cell receives its input from the previous levels only, the inputs to the first set of cells are obtained from the truth table [3] . With the one dimensional chromosomal representation, crossover and mutation technique, the computational time involved is more. Moreover it is very difficult to visualize the evolved circuits. To overcome the above constraints a new 2D chromosomal representation instead of the usual linear representation has been proposed. 2D crossover and mutation operators have been designed to operate over this 2D chromosome. A technique to obtain the pictorial representation of the evolved circuits has been included. This paper is organized as follows: section II describes the problem definition, 2D chromosomal representation, 2D crossover and mutation operations. Section III deals with the pictorial representation of the evolved circuits and section IV gives the results and comparison between the two modes of representation.
IV. PROBLEM DEFINITION
The problem is to evolve a digital circuit that satisfies a specified truth table with minimum number of gates and minimum computational time i.e., to design a black box with known inputs and outputs. The black box is encoded suitably into chromosomes and optimized using evolutionary algorithms [6] . In [4] even though the individual circuits were represented as a two dimensional array, all the elements were then arranged in a linear form to form the chromosome and then crossover and mutation operations were carried out (refer Fig.1 ) which consumes more computational time. To avoid this, the circuit can be represented as a 2D chromosome itself. It also helps in better visualization. The 2D genetic operators i.e., crossover and mutation to operate over these 2D chromosomes also has to be developed.
A. 2D representation (Encoding of the circuit)
Encoding of a sample circuit (individual) A will be discussed in this section. A is created randomly which contains the information about the type of gates and the corresponding inputs to the gate. Here the gates which are used are XOR, AND, OR and wire. Matrix A for a 2 level circuit is shown in Fig 2. First column represents the inputs for the first level gates. Second column gives details about the gates used in the first level. Third and fourth columns represent the inputs and the corresponding gates for the next level. This type of representation gives a better visualization. All 'A's are binary numbers. For any n level circuit the matrix size will be n x n.
Proposed 2D crossover technique
Assuming that the possible solution circuits are encoded in to n x n (e.g. 4 x 4) matrices and taking the case of two parent individuals A and B, the 2D crossover technique has been illustrated in this section. Parents A and B are shown in Fig.3 . The next step is to prepare the mask matrices to find the region of crossover. A set of 4 random numbers [R1 , R2, C1, C2] are generated where R1 and R2, C1 and C2 are numbers between '1' and 'n' and they indicate the start and end row and the columns of a sub matrix in the parents respectively. The genes in this sub matrix will be swapped between the parents. The sub matrices where the genes are to be swapped are shown in Figure 4 .
The corresponding offsprings are shown in Fig.5 . Two complementary mask matrices M 1 and M 2 are generated. The elements of matrix M 1 are 1's for rows and columns outside the subset matrix. The rows and columns inside the subset matrix are filled with 0's and 1's randomly and is shown in Fig. 5 
M B. 2D Mutation
After crossover only a small percentage of the population usually (0.3%) will undergo mutation. For this only a single offspring which needs to be mutated and a single mask is needed. The mutation mask is prepared in the same way as mentioned in the previous section. This mask operator is superposed over the offspring to be mutated. In this region the presence of a '1' indicates a change in the characteristic of the offspring and a '0' indicates no change. Therefore it modifies the gate type and the two inputs, meaning that a completely new cell can appear in the chromosomes.
III . PICTORIAL REPRESENTATION
The best chromosome evolved for the circuit generated is a matrix of ones and zeros which can be visualized as a circuit only by the programmer / designer. The matrix obtained is to be decoded to get the evolved circuit. A module has been added to the GA code to represent the circuit pictorially. This module takes in the best chromosome and automatically generates the evolved circuit. The logic symbols and the inputs used are stored as image files and the program retrieves the images whenever needed and the layout is generated as per the evolved circuits.
IV. RESULTS
The following parameters were chosen for the GA. Population size=100, number of generations=500, crossover rate=0.7, mutation rate= 0.3%, elitism count=1. Roulette wheel selection technique has been used for selecting the individuals for crossover. Combinational digital circuits with two and three variable inputs and circuits represented by functions in SOP form has been evolved with this proposed 2D representation, crossover and mutation techniques and the results are shown in subsequent sections as examples. Fig. 7(a) shows the comparison between the convergence rates of the conventional and the 2D technique for the evolution of a full adder circuit. Fig. 7(b) shows the evolved circuit. It is evident that only five gates are needed to realize the sum and carry outputs of a full adder. It can be seen from Fig. 7(a) that the convergence rate of the full adder circuit using 2D technique is much faster than the existing techniques. The circuit is evolved within 90 generations using the proposed technique compared to the 300 th generation in the other technique.
A. Example 1: Full Adder

B. Example 2: 3 bit binary to gray code converter
The convergence curves and the corresponding evolved circuit of a 3 bit binary to gray converter is shown in Fig. 8 . While it takes around 460 generations to converge using the existing technique it took only 90 generations using the proposed technique. 
C. Example 3: 2 -1 Multiplexer
The convergence curves and the corresponding evolved circuit of a 2-1 Multiplexer is shown in Fig. 9 . It can be observed that the new techniques needs just 40 generations while the existing technique needs 400 generations to evolve the desired circuit. 
D. Example 4: Function in Sum Of Products Form
Here an example of a circuit in the SOP form given below is optimized .
The convergence curve using the proposed 2D technique and the corresponding evolved circuit is shown in Fig. 10 . From the figure it can be seen that the circuit can be evolved in almost 50 generations.
From the above examples and discussions it can be concluded that the proposed technique is very fast compared to the existing technique and the converged circuit is always obtained in less than 100 generations. 
IV. CONCLUSION
A new 2D representation for the design of combinational digital circuits is proposed. Suitable crossover and mutation techniques are developed for this 2D representation. The fittest circuit evolved is in the form of '1's and '0's. These '1's and '0's are converted to actual circuit diagrams for proper visualization. With the proposed approach, convergence speed of GA has been significantly increased compared to conventional method which in turn reduces the computational time effectively.
